We examined the effect of logging-debris retention and competing-vegetation control (CVC, initial or annual applications) on dissolved organic carbon (DOC), dissolved organic nitrogen, and nitrate-N leaching to determine the relative potential of these practices to contribute to soil C and N loss at two contrasting sites. Annual CVC resulted in higher soil water nitrate-N concentration and flux, with the magnitude and duration of the effect greatest at the high-N site. Most of the increase in nitrate-N at the low-N site occurred in treatments where logging debris was retained. Dissolved organic nitrogen increased at the high-N site in March of each year following annual CVC, but the contribution of this increase to total N concentration was small (2%-4% of total N flux). There was no effect of logging-debris retention or CVC treatment on soil water DOC concentrations, indicating that DOC inputs from logging debris and competing vegetation were either retained or consumed in the mineral soil. The estimated increase in leaching flux of dissolved C and N associated with the treatments was low relative to total soil pools, making it unlikely that loss of these elements via leaching will negatively affect future soil productivity at these sites.
Introduction
Intensive forest management has posed unanswered questions for maintenance of soil quality and long-term productivity for decades (e.g., Boyle and Ek 1972; Weetman and Webber 1972; Wells and Jorgensen 1979) . Increasing demands for biomass and wood products coupled with a reduction in land available for production (FAO 2006) have accelerated the debate on the potential for a reduction in soil productivity and subsequent declines in forest productivity over the long-term (Nambiar 1996; Fox 2000) . Past research has focused on retention of soil carbon (C) (as a surrogate for soil organic matter, OM) and nitrogen (N) to maintain soil productivity given the critical role of soil OM for nutrient supply, gas exchange, and water-holding capacity (Powers et al. 1990 ) and the common N limitation of tree growth in many areas of North America (Keeney 1980; Johnson 1992) . Logging debris contains significant amounts of C and N, and there is concern that increased biomass removal (e.g., utilization of all logging-debris residue) could result in reduced pools of soil C and N. Several long-term studies (>10 years) have found no lasting effect of loggingdebris retention on total pools of soil C and N following harvest (Olsson et al. 1996; Johnson et al. 2002) , including summary findings from 26 installations in the Long Term Soil Productivity (LTSP) network that covered a wide range of site and climate conditions (Powers et al. 2005) .
The above results contrast with those from several studies that measured large inputs of dissolved organic C (DOC) and dissolved organic N (DON) to mineral soil from logging debris following harvesting (Mattson et al. 1987; Qualls et al. 2000; Robertson et al. 2000) , which presumably have the potential to increase C and N in the mineral soil. However, there is also potential for the inputs to be offset by increased outputs via microbial respiration, denitrification, or leaching of DOC and dissolved forms (inorganic and organic) of N. Total soil pools of C and N are often large relative to flux changes associated with harvesting, making detection of any change in soil pools difficult (Homann et al. 2001) . Assessment of C and N fluxes following loggingdebris retention may help to clarify the net effect of loggingdebris retention on pools of C and N and provide an indication of the potential for long-term impacts following multiple harvests.
Several studies have shown increased N leaching following harvesting (e.g., Vitousek et al. 1997) , but the effect of logging-debris retention on this increase is unclear: it has been shown to increase (Hendrickson et al. 1989; Strahm et al. 2005) , to decrease (Vitousek and Matson 1985; Carlyle et al. 1998 ), or to have no detectable effect (Mann et al. 1988) on N leaching. Variability in response is most likely a function of site-specific factors (Gundersen et al. 2006) , underlying a need to evaluate potential effects of logging-debris retention on N leaching at a variety of site conditions. Nitrogen leaching following harvesting is generally dominated by inorganic N forms (primarily nitrate), but there is also potential for N loss as DON (Sollins and McCorison 1981) , which may also be modified by logging debris. Carlyle et al. (1998) found a 25%-30% reduction in DON leaching when logging debris was retained following harvesting in southeastern Australia, but Strahm et al. (2005) observed no effect of logging-debris retention on DON in southwestern Washington. Soil N concentration at the Australia site was low (sandy soil, 1.1 g NÁkg -1 at 0-15 cm depth), but that at the Washington site was high (silt loam soil, 4.6 g NÁkg -1 at 0-12 cm depth), possibly indicating that the response may be a function of preharvest soil N pools. However, the differing response could be caused by any number of factors, because there is generally a poor understanding of processes that govern DON production and loss from soil (Kalbitz et al. 2000; McDowell 2003) .
Potential for increased DOC loss following harvesting appears to be lower than for N. Qualls et al. (2000) concluded that DOC inputs from logging debris following harvesting of a deciduous forest in the southeastern United States were effectively retained in the mineral soil, and a similar conclusion was reached by Piirainen et al. (2002) following harvest of a coniferous forest in Finland. Others have noted no general effect of harvesting on DOC (McDowell and Likens 1988) or a general decrease in DOC export (Meyer and Tate 1983) . These studies generally indicate low potential for DOC leaching following logging-debris retention, but the effect of logging-debris removal is less clear. Removal of logging debris causes an increase in soil temperature and a change in soil moisture (e.g., Roberts et al. 2005; Devine and Harrington 2007) , which are likely to modify rates of microbial activity and DOC production in soil. In the LTSP summary findings, Powers et al. (2005) and Sanchez et al. (2006) attributed increased soil C and N following harvesting to rapid decomposition of the root system of the previous stand, with the effect most pronounced when all surface OM was removed, presumably because of increased soil temperature. Greater decomposition when logging debris is removed could result in greater DOC leaching, but this possibility has not been evaluated.
Other management practices at time of harvest and the initial years following planting have potential to influence C and N loss via leaching. Competing-vegetation control (CVC) with herbicide application is commonly used in the initial years after planting to increase crop tree survival and growth (Newton and Preest 1988; Harrington et al. 1995) . Vegetation is an important factor controlling N retention following harvesting (Marks and Bormann 1972; Vitousek et al. 1979) , and several studies have documented elevated nitrate leaching following CVC (Briggs et al. 2000; Smethurst and Nambiar 1995; Vitousek and Matson 1985) . Nitrogen loss via leaching following CVC may cause a reduction in soil N if losses are large, inputs (e.g., atmospheric deposition, N fixation) are low, or initial soil N pools are small (Miller et al. 2006) .
Competing-vegetation control also has strong potential to alter production and transport of DOC. Both aboveground and belowground litter contribute to DOC production and flux through mineral soil, but the relative contribution of each to DOC loss at deep soil horizons is poorly understood (Kalbitz et al. 2000) . Several recent studies have highlighted the importance of belowground production (e.g., root turnover or exudation) to DOC in mineral soil (Fröberg et al. 2007; Giesler et al. 2007; Uselman et al. 2007 ). These studies indicate practices that reduce root inputs to mineral soil, such as CVC, may cause a concurrent reduction in DOC leaching. However, CVC also modifies the soil environment and increases soil water flux via a reduction in evapotranspiration (ET) (Fleming et al. 1994) , so the net effect of CVC on DOC flux could be to increase C loss from soil. There is potential for CVC to modify DOC leaching following harvesting, but no experimental studies have been performed to examine this possibility.
The Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) forests of the Pacific Northwest are some of the most productive in the world, and management intensity is expected to increase in the future, primarily in intensively managed plantations (Adams et al. 2005; Moores et al. 2007) . It is likely that biomass removal will increase (magnitude and frequency), and the use of CVC will probably be more frequent and of longer duration. There is a need to understand the main and interactive effects of these practices on N and C leaching across a range of site conditions, but only a few experimental studies have been performed in the region (e.g., Strahm et al. 2005) . We focus on leaching recognizing that changes in soil C and N following harvesting are often difficult to detect; estimates of leaching may provide a bet-ter indication of long-term effects assuming that leaching losses at future harvests are similar and that inputs remain constant. We hypothesized that there would be greater N loss when competing vegetation was controlled annually, that greater loss would still be detectable 2 years after harvesting, and that logging-debris retention would modify the response. Our objectives were to determine the effect of increasing logging-debris retention in combination with either initial or annual applications of CVC on (i) DOC and N (nitrate-N, ammonium-N, and DON) solution concentrations and fluxes below the rooting zone to determine the potential for leaching and (ii) production of water-leachable DOC and N under controlled laboratory incubations to infer the causal mechanisms contributing to the results observed in situ. Two sites with contrasting soil properties and annual precipitation were used to determine if observed effects varied between sites.
Methods

Site characteristics
This study is part of a larger research project initiated at two sites in 2003 to assess effects of logging-debris retention and CVC treatments on soil properties, nutrient cycling, and Douglas-fir growth. Both study sites are affiliates of the LTSP network (Powers et al. 1990 ). Potential productivity (Douglas-fir site index) is similar between the sites, but large differences exist in precipitation and soil properties ( Table 1 ). The first site (hereafter referred to as Matlock) is located on the Olympic Peninsula in Washington, approximately 45 km northwest of Olympia near the town of Matlock. Soil at Matlock is classified as a sandy-skeletal, mixed, mesic, Dystric Xerorthents, formed in glacial outwash with slopes ranging from 0% to 3% (US Department of Agriculture, Natural Resources Conservation Service, Soil Survey Staff, Lincoln, Nebraska; http://soils.usda.gov/technical/ classification/osd/index.html). The second site (hereafter referred to as Molalla) is located approximately 24 km northeast of the town of Molalla, Oregon, in the foothills of the western Cascades. Soil at Molalla is classified as fineloamy, isotic, mesic Andic Dystrudepts, formed in basic agglomerate residuum with slopes ranging from 2% to 40% (US Department of Agriculture, Natural Resources Conservation Service, Soil Survey Staff, Lincoln, Nebraska). The regional climate is Mediterranean, with mild, wet winters and dry, warm summers with periods of prolonged drought (>2 months) being common. Precipitation falls mostly as rain, with some snowfall during winter months.
Experimental design and treatment application
Sites were initially clear-cut with chainsaws in March (Molalla) and April (Matlock) 2003. Trees were removed with ground-based mechanized equipment along marked machine trails that were evenly distributed across plots to minimize experimental error associated with soil disturbance. Following harvest, a 2 Â 2 randomized complete block factorial design was installed on 0.3 ha plots (50 m Â 60 m) replicated four times at each site. The factors were harvest type (two levels: bole only or whole tree) and CVC (two levels: initial CVC or annual CVC). All plots received an initial application of herbicide to reduce competing vegetation; at Molalla, glyphosate was aerially applied in August 2003, and triclopyr was applied with backpack sprayers at Matlock during September of 2003. Following this initial application, only those treatments with annual CVC were treated with herbicides in the spring of each year. Annual CVC treatments included broadcast applications of glyphosate, clopyralid, or atrazine to control herbaceous species and directed applications of triclopyr to control woody species. Mean competing-vegetation coverage was 65% and >90% at Matlock and Molalla, respectively, when initial CVC was applied but was <5% following annual CVC (T.B. Harrington, unpublished data). Both sites were planted with plug+1 bare-root Douglas-fir seedlings in February (Molalla) and March (Matlock) 2004 at a 3 m Â 3 m spacing (1111 treesÁha -1 ). Volume growth of planted Douglas-fir seedlings that received annual CVC was between two and three times greater than that with initial CVC during the study period (T.B. Harrington, unpublished data). Each site was enclosed with a 2.5 m high fence to prevent browse damage to seedlings.
In March 2005, three subplots within each of the wholetree harvest treatment plots (n = 8) were identified for application of a subplot logging debris retention treatment. Subplots encompassed a 2 m Â 2 m area centered on a single planted Douglas-fir seedling. This design modification was chosen to reduce experimental error associated with treatment application (e.g., discontinuous logging-debris coverage at the whole-plot level) and spatial variability of soil properties. Use of the whole-tree treatment plots was arbitrary (i.e., compared with use of the bole-only plots, which were excluded from analysis) because we only had sufficient resources for 24 subplots at each site and could not address potential interaction between the whole-plot harvest factor and the subplot factor given the level of replication. Woody logging debris was applied at a visually estimated surface coverage of 0%, 40%, or 80% to a randomly assigned subplot within each whole plot. For each assigned treatment application, logging debris 5.0-12.5 cm in diameter (mostly branches without needles) that was within the associated whole plot was stacked in an approximate criss-cross fashion (for stability until the assigned coverage (±10% by vis- Values are means ± SEs (n = 8 for bulk density at Matlock, n = 24 for all others). ual determination) was reached). In the case of the 0% treatment, all logging debris was removed from the subplot, but no attempt was made to remove preharvest legacy wood if present. The overall modified design used in this study is a randomized complete block split plot with one whole-plot factor (CVC treatment) and one subplot factor (loggingdebris coverage).
Lysimeter installation and soil water collection
Tension lysimeters were fabricated with high-flow (100 kPa) porous ceramic cups (maximum pore size of 2.5 mm; Soil Moisture Corp., Santa Barbara, California) and polyvinyl chloride tubing. One lysimeter was installed to a depth of 60 cm in the center of each subplot replication in early October 2005. The 60 cm depth was chosen to approximate the zone below which most roots of Douglas-fir seedlings would have occupied in the first 4 years after planting to limit the possibility of any root uptake at or below the soil water sampling depth. A steel tube with the same diameter as the lysimeter was hammered into the ground at a 458 angle to limit soil disturbance above the ceramic cup. The steel tube was removed from the hole, and a slurry was made with sieved soil from the bottom 10 cm of each hole. The slurry was guided to the bottom of each hole, and lysimeters were seated firmly to create a tight seal between the ceramic cup and soil. Bentonite pellets were placed around the outer 5 cm of each lysimeter to a depth of 2.5 cm to inhibit preferential flow along the side of the lysimeter tube.
Lysimeters were primed and purged (sample discarded) monthly for 2 months prior to initiation of sample collection. Soil water samples were collected once a month at each site beginning in December 2005 at Molalla and in January 2006 at Matlock. Sampling continued into the 2007 growing season until summer drought conditions prevented further soil solution collection. A 50 kPa vacuum was applied with a hand pump 2 days before collection. Lysimeters were purged of any water between collection periods. Following collection, samples were placed on ice, transported to the laboratory, and stored at 4 8C until analysis. Samples were typically analyzed the day after collection, but some samples were stored for up to 2 days before analysis. Lysimeter data are reported as concentrations (mgÁL -1 ) and mass flux (kgÁha -1 Áyear -1 ).
Soil sampling and incubations
Soil samples were collected at four periods at each site and incubated under controlled laboratory conditions to assess treatment effects on DOC, inorganic N (nitrate-N and ammonium-N), and DON production without the confounding influence of vegetation and in situ differences in soil microclimate among treatments. Samples were collected in April, July, and September 2006, and July 2007. At each sample period, mineral soil was collected to a depth of 20 cm at three random locations in each replication and composited in the field, taking care to remove any large organic material prior to compositing. Samples were collected with a volumetric core sampler attached to a slide hammer. Composite samples were placed in plastic bags on ice and transported that day to the laboratory for processing. Samples were air-dried, sieved to pass a 2 mm mesh, and then stored at 4 8C until analysis.
Approximately 50 g of air-dried sieved soil was placed in a microlysimeter constructed of benchtop filtration units (Falcon filter; Becton Dickinson Labware, Franklin Lakes, New Jersey) as described by Nadelhoffer (1990) . Samples were incubated for 17 days at 25 8C and a soil water potential of -22 kPa. Soil in each incubation unit was initially leached with 100 mL of ultrapure water by applying a tension of -22 kPa with the use of a vacuum pump. Water was allowed to equilibrate with soil for 30 min before the vacuum was applied. Incubation unit mass was periodically checked during the incubation period, and ultrapure water was added as needed to maintain the initial soil water content following wetting. After 17 days, soil was leached again with 100 mL of ultrapure water as described above. Leachate volume was measured with a graduated cylinder, and an aliquot was separated for chemical analyses. Incubation units without soil were processed in the same manner to serve as controls. Final incubation leachate and lysimeter samples were analyzed for inorganic N (nitrate-N and ammonium-N), total N, and DOC. Nitrate-N and ammonium-N were determined colorimetrically on a Lachat Quick Chem 4200 analyzer (Hach Co., Loveland, Colorado). Dissolved organic C and total dissolved N (TDN) were determined on a Shimadzu total organic carbon analyzer (TOC-VCSH) attached to a total N measuring unit (TNM-1) (Shimadzu Corp., Columbia, Maryland). Dissolved organic N was calculated as the difference between TDN and inorganic N (sum of nitrate-N and ammonium-N). Detection limits were 0.02 and 0.04 mgÁL -1 for nitrate-N and ammonium-N, respectively, and 0.05 mgÁL -1 for DOC and TDN. Values below detection limits were assumed to be zero. Leachate concentration was multiplied by leachate volume to determine mass of water-leachable DOC and N forms removed at the end of the incubation. Incubation leachate values are reported on a dry soil mass basis (mgÁ(kg soil) -1 Á17 days -1 ).
Soil water flux estimation
Monthly soil water budgets were calculated for estimation of C and N mass flux below the rooting zone via leaching at each site. Net soil water flux was calculated as the difference between total monthly precipitation and potential ET estimated with the Thornthwaite method (Dunne and Leopold 1978) . Precipitation and mean monthly air temperature (measured at 0.25 m above the soil surface) were measured daily at each site with a meteorological station located approximately at the center of each experimental area. Daily estimates were summed (precipitation) or averaged (air temperature) to determine total monthly precipitation and mean monthly air temperature at each site, which were then used to estimate soil water flux. When precipitation exceeded potential ET (i.e., a positive soil water flux), we assumed the net difference in water moved vertically below the rooting zone. This assumption is valid if soil water storage remains at or in excess of field capacity during the rainy season, which is likely at these sites given the frequent rainfall and low temperature that occur during the rainy season (i.e., winter). In addition, the Thornthwaite method does not account for differences in vegetation abundance or form on potential ET, possibly leading to an underestimation of potential ET and overestimation of soil water flux (Dunne and Leopold 1978) . Given the regional climate where rainfall is greatest when vegetation growth is low, we assumed that any error arising from unaccounted vegetation effects would be low. We did not adjust the water budget for surface runoff because infiltration rates are generally much higher than maximum precipitation rates in this region and, at no time, has standing or flowing water been observed at the soil surface.
Statistical analysis
A mixed model approach with repeated-measures analysis of variance was used to assess treatment effects for both in situ soil water and incubation leachate. Block, whole plot within block, and subplot nested within whole plot were modeled as random effects, and the whole-plot factor, subplot factor, time variable (either month or sample period), and their interactions were modeled as fixed effects. For each dependent variable at each site, the covariance matrix used for repeated measures was identified by fitting the model to all possible candidate matrices and then choosing the matrix that resulted in the lowest fit criteria statistic. Examination of the residuals after model fit indicated that assumptions of homogenous variance and normality were valid for incubation data and in situ nitrate-N concentrations, but the variables DOC, DON, and TDN determined in situ required logarithmic transformations to meet assumptions of homogenous variance. For those variables, mean values were back-transformed and, thus, represent median values as reported. Ammonium-N concentrations were almost always below detection limits and were not statistically analyzed for in situ measurements. Flux estimates were calculated as the product of water flux and nutrient concentration. Because of missing data associated with lysimeter failure (i.e., sample collection did not hold a vacuum), we were unable to sum C and N flux within each of the replications and, therefore, were unable to test if total annual flux was different between treatments. Annual estimates when reported are the annual sum of the monthly product of the mean or median concentration and estimated soil water flux within a given treatment.
When significant interaction was observed between the subplot factor and time, a priori orthogonal contrasts were performed to test for significance of difference between (i) the absence and presence of debris (0% coverage vs. the mean of the 40% and 80% coverage treatments), and (ii) the 40% and 80% logging-debris coverage treatments. When significant interaction was observed for the time Â whole plot Â subplot term, treatment effects were initially assessed by slicing with time (either period or month) held constant to determine time periods with significant differences, followed by slicing with either the subplot or whole-plot factor held constant depending on the significance of lower order interactions. For some of the incubation data, Tukey's honestly significant difference test was used to determine significant differences among means. An alpha level of 0.05 was used to assess statistical significance in all evaluations. All analysis was performed in SAS version 9.1 (SAS Institute Inc. 2005).
Results
Water budget
Net soil water flux followed a seasonal pattern: positive and similar to monthly precipitation during winter months when precipitation was high and air temperature was low and negative during summer months when precipitation was low or absent and air temperature was high (Fig. 1) 
Soil water dynamics in situ
Soil water inorganic N was composed almost entirely of nitrate-N; ammonium-N was found in only a few samples at random periods and concentrations were generally near detection limits (0.04 mgÁL -1 ). Annual CVC was associated with increased mean nitrate-N concentrations at both sites in 2006 (Table 2) , with the greatest increases observed at Molalla (Fig. 2) . Greater soil water flux at Matlock resulted in similar estimates of nitrate-N mass flux for each site (15 and 14 kg NÁha -1 at Molalla and Matlock, respectively). Most of the increase with annual CVC at Matlock could be attributed to treatments where logging debris was retained (Table 2 , Fig. 2B inset) . Nitrate-N concentrations remained elevated at Molalla in the annual CVC treatment in 2007 (estimated net flux of 14 kg NÁha -1 ), but there was no difference between CVC treatments at Matlock that year (estimated net flux of 2 kg NÁha -1 ). Median DON concentration increased with annual CVC in March of both sample years at Molalla (Fig. 2A) , but the estimated mass flux increase was small (approximately 0.5 kg N ha -1 ) because DON concentrations were low relative to nitrate-N. At Matlock, DON dominated TDN, and there was no effect of CVC treatment on DON concentration ( Fig. 2A) . Treatment effects on TDN were similar to those on nitrate-N at Molalla (Fig. 3B) , with estimated median TDN fluxes of 22 and 11 kg NÁha -1 in 2006 and 2007, respectively, when annual CVC was applied. In contrast, there was no difference in TDN concentrations between CVC treatments at Matlock (Fig. 3B ) despite the differences observed for nitrate-N.
Analysis of variance revealed fewer effects of logging debris on soil water N than those for CVC (Table 2) , and there were no consistent patterns in response within or between years. In 2007 at Molalla, the 40% logging-debris coverage had higher DON concentration than the 80% coverage in January (by 0.22 mg NÁL -1 ), but the 80% coverage was significantly higher than the 40% coverage in June (by 0.27 mg NÁL -1 ) (data not shown). There was no difference in DON concentration between the presence and absence of logging debris during these same months. In 2006 at Matlock, TDN was higher in the 80% coverage compared with the 40% coverage during January (increase of 3.3 mg NÁL -1 ), and the 40% and 80% coverage had significantly higher TDN than the 0% coverage in July (median increase of 2.7 mg NÁL -1 ) (Fig. 4B ).
There were no differences among logging-debris or CVC treatments on DOC concentrations at either site (Table 2) . At both sites in 2006, mean DOC concentrations were consistently higher (nonsignificant) in the 0% coverage resulting in estimated mass flux of 53, 42, and 41 kg CÁha -1 Áyear -1 in the 0%, 40%, and 80% coverage at Molalla, respectively, and 36, 28, and 29 kg CÁha -1 Áyear -1 in the 0%, 40%, and 80% coverage, respectively, at Matlock. There was little difference in DOC concentrations among treatments or between sites in 2007 (Fig. 4) . The mean estimated DOC annual flux at both sites was 24 kg CÁha -1 Áyear -1 in 2007.
Laboratory incubations
Regardless of treatment, water-leachable nitrate-N at Molalla was two to three times greater than that at Matlock (Fig. 5) . Application of annual CVC increased water-leachable nitrate-N at Molalla during the September 2006 and July 2007 incubation periods and increased TDN during the July 2007 incubation (Table 3 , Fig. 5 ). In contrast, there was no effect of CVC treatment on nitrate-N or TDN in any period at Matlock, but DON increased with annual CVC in the July 2007 period. There was a significant interaction among logging debris, CVC, and incubation period effects on nitrate-N at both sites (Table 3) , which was associated with the July incubation in each year. Means separation with Tukey's honestly significant difference test indicated general patterns of higher water-leachable nitrate-N with logging-debris retention during those incubation periods, with the exception of the annual CVC treatment in July 2006 at Molalla where the opposite pattern was observed (data not shown). The main effect of logging debris on ammonium-N approached statistical significance at Matlock (P = 0.06; Table 3 ), where means of 2.00, 2.25, and 3.06 mg NÁ(kg soil) -1 (SE for all = 0.30) were leached at each incubation in the 0%, 40%, and 80% coverage, respectively. A similar pattern was observed at Molalla.
There was a significant interaction among logging debris, CVC, and incubation period effects on water-leachable DOC at both sites (Table 3) , but effects were variable. During the April 2006 incubation for Matlock, mean DOC in the initial CVC treatment increased with increasing logging-debris retention. The opposite pattern occurred at Molalla during the July 2007 incubation (data not shown). With the exception of these instances, CVC and logging-debris treatments had no significant effect on DOC, and there were no apparent trends or differences between treatments at either site.
Discussion
Soil water N concentrations
Annual CVC had a pronounced effect on N leaching following harvesting. The increase in soil water nitrate-N concentration following annual CVC at both sites agrees with past studies (Vitousek and Matson 1985; Smethurst and Nambiar 1995; Briggs et al. 2000) , demonstrating the importance of revegetation following harvesting for N retention across a variety of site conditions. However, there were distinct differences between sites, most notably in the duration of response and the relative contribution of inorganic and organic N to TDN. By the end of the study period, N availability continued to be greater than vegetation N demand at Molalla, but N loss at Matlock was very low regardless of CVC treatment. The contrast in duration of response between sites was at least partly caused by a difference in total soil N (Table 1) and its effect on water-leachable N production (Fig. 5) . Differences in crop tree N uptake probably also contributed to the contrasting site response. Tree growth data and measures of available N during the study period indicated greater utilization of increased available N by planted seedlings at Matlock following annual CVC compared with Molalla (Slesak 2008) , which would have contributed to the large reduction in soil water nitrate concentrations in 2007 at Matlock. Dissolved organic N contributed a larger proportion to TDN at Matlock than at Molalla, such that no difference in TDN existed between CVC treatments at Matlock despite the increases in nitrate-N with annual CVC. Factors that control DON loss are poorly understood (Kalbitz et al. 2000; McDowell 2003) , but it seems likely that the difference between sites is at least partly related to retention mechanisms in each soil (e.g., differences in soil mineralogy or degree of weathering). Qualls et al. (2000) hypothesized that DON loss following harvesting is controlled by hydrologic and geochemical mechanisms rather than biological processes. At Matlock, soil texture is coarse, making it likely that soil water contact (both actual surface area and time of contact) with mineral surfaces is much lower than at Molalla, which would decrease potential sorption of DON. Results from the incubations support this, because DON was a small proportion of TDN at Matlock under controlled conditions when water was allowed to equilibrate with incubated soil prior to leaching. Although a geochemical mechanism likely contributed to the different site responses, there is also evidence for a biological mechanism. The seasonal transitory increase in DON following annual CVC at Molalla occurred when soil temperature began to increase from low winter temperatures in March of each year (Slesak 2008) . The increase in soil temperature corresponded with an increase in microbial activity (Slesak 2008) , possibly increasing net DON production because of lower C availability in the annual CVC treatment (Shan et al. 2001) . Whatever the mechanism, the contribution of DON to N leaching following annual CVC was relatively small at Molalla, contributing only 2% and 4% to TDN leaching estimates in 2006 and 2007, respectively. Given these findings, there is potential for annual applications of CVC to increase soil N loss, with greater potential at the Molalla site given the continued elevation of TDN flux. Assuming that increased flux in years before sampling was similar to that observed during the study period, total N loss below 60 cm since harvest is a relatively small percentage (<1.5%) of the soil N pool in surface soil (Table 1) . Strahm et al. (2005) also found that estimated N leaching fluxes following harvesting of Douglas-fir were a small percentage (<1.5%) of total soil N. At Matlock, greater nitrate-N flux with annual CVC could also reduce soil N given the relatively low initial total soil N pool at that site (Table 1) . However, most of the increase in soil water nitrate-N with annual CVC was attributed to treatments where loggingdebris was retained, and a significant increase in soil N was observed in those treatments at the end of the study period (Slesak 2008) . At Matlock, it appears that logging debris increased soil N, which caused a greater availability of ammonium (as indicated in the incubations) and subsequent higher rates of nitrate production when soil temperatures began to increase . Consequently, it is unlikely that the observed flux below the rooting zone would have negative impacts on future soil productivity because it is related to greater soil N. Further, N inputs over the course of the rotation are sufficient to offset any losses (assuming a 40 year rotation, 1 kg NÁyear -1 deposition and 2 kg NÁyear -1 fixation) that occur at time of harvest in response to annual CVC.
Clearly, there was an effect of logging-debris retention on soil water N, but the effect was small compared with that of CVC and, in many cases, occurred in no discernable pattern. These results generally agree with those of Mann et al. (1988) who found no significant effect of logging-debris re- tention on N leaching across a variety of site and climate conditions. However, other studies have found either an increase (Hendrickson et al. 1989; Strahm et al. 2005) or decrease (Vitousek and Matson 1985; Carlyle et al. 1998) in soil water nitrate following varying levels of logging-debris retention, indicating the potential for logging debris to modify N loss following harvesting. Although the results observed here agree with those from Mann et al. (1988) , the lack of any pronounced effect could be due to the experimental design that was employed. Subplot logging-debris treatments were located in whole plots that had received the whole-tree harvest treatment at time of logging, which would have had significantly less needle and small branch retention than the bole-only treatments. Because needles contain the majority of N in logging debris, it is possible that different results would have been observed if subplots were located in the bole-only whole plots. Inferences from these results should be applied accordingly. 
Soil water DOC
The lack of any difference in DOC concentrations between CVC treatments indicates that DOC loss (below the rooting zone) after harvest is largely independent of OM inputs from recently fixed C at these sites. Companion soil respiration measures during the study period indicated rapid consumption of OM inputs from competing vegetation (Slesak 2008) , likely reducing the potential for the movement of DOC to deeper portions of the soil. However, the labile portion (i.e., readily metabolized) of DOC is generally thought to be small (Qualls and Haines 1992; Lajtha et al. 2005) , and it is likely that DOC retention via adsorption to mineral surfaces also occurred. Although the relative contribution of consumption or adsorption is uncertain, results from the laboratory incubations (i.e., no significant differences among treatments) suggest that these processes occur rapidly in situ.
Logging debris has been shown to be a significant source of DOC to mineral soil (Mattson et al. 1987; Qualls et al. 2000; Robertson et al. 2000) , and it is likely that DOC inputs to mineral soil were increased in this study following logging-debris retention. The lack of any significant effect of logging-debris retention on soil water DOC concentrations below the rooting zone indicates increased inputs were retained or consumed in the mineral soil. Both Qualls et al. (2000) and Piirainen et al. (2002) concluded that DOC inputs from logging debris were effectively retained in mineral soil. Qualls et al. (2000) attributed the retention mechanism to adsorption to mineral surfaces but also acknowledged potential for losses via microbial consumption. At these sites, microbial respiration was lower when logging debris was retained (Slesak 2008) , making it likely that C inputs were retained rather than consumed.
Despite the lack of statistical significance, soil water DOC concentrations were greater in almost all months when no logging debris was retained in 2006 at both sites, resulting in a higher estimated annual flux. A few recent studies have shown that DOC in deeper soil (>50 cm) is derived from mineral soil OM or root litter rather than surface inputs (Frö-berg et al. 2007; Uselman et al. 2007 ). Increased production from these sources could potentially result in increased DOC loss if not adsorbed to mineral soil. Soil temperature was significantly greater in the 0% logging-debris coverage at both sites (Slesak 2008) , likely causing an increase in root decomposition (Chen et al. 2000) and greater soil water DOC concentrations. The limited effect of logging debris on DOC production during incubations does not provide evidence to support or refute increased DOC production, given that incubations were performed at constant temperature and roots >2 mm were sieved from soil prior to incubation. If DOC loss was greater in the 0% logging-debris coverage, it appears to have been a relatively short-lived response given no apparent differences between treatments in 2007.
Conclusions
Increased soil water nitrate-N following annual CVC reflects a potential for soil N loss following harvesting when this practice is employed, but the estimated loss was small compared with total N pools at each site. At Molalla, which has a relatively large pool of soil N, greater production of nitrate-N led to higher soil water nitrate-N concentrations following annual CVC compared with Matlock, which has a relatively small pool of soil N, lower nitrate production, and greater crop tree utilization of available N. Dissolved organic N was also increased following annual CVC at Molalla, but the contribution from this source was small compared with the estimated increase in annual TDN flux. Site-specific factors that control nitrate production and tree N demand appear to be strong indicators of potential N loss when annual CVC is applied.
Almost all of the increase in nitrate-N concentration at Matlock was associated with logging-debris retention when annual CVC was applied, demonstrating the potential for greater N loss at some sites when these practices are combined. However, the biological significance of these losses at Matlock is unclear, because total soil N increased in those treatments during the 2 year study period (Slesak 2008) . Absence of any logging-debris effect at Molalla may be due to the greater total soil N pool at that site, because inputs from logging debris were small compared with total soil N.
Absence of any increase in DOC concentration when competing vegetation was present and logging debris was retained indicates that potential DOC inputs from these sources were either consumed or retained in the mineral soil. Higher DOC concentrations when no logging debris was retained may indicate greater DOC production and loss in those treatments, which would likely be caused by greater belowground decomposition associated with higher soil temperature. Given that soil C content tended to increase during the 2 year study regardless of treatment (Slesak 2008) , the significance of greater DOC loss to soil productivity is probably of minor importance.
